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ABSTRACT

Two double resonance experiments of colliqional hole filling and vibration

to rotation transfer have been used to determiae rotational relaxation rates for

hydrogen fluoride. The rates for rotational levels J2 through J14 range from 55

x 106 sec - 1 torr - I to 2 x 106 sec - I torr - ! and these results are described by

'kinetic rate models. The rates increase with temperature by about 20% between

300'K and 1000 0 K. The effect of several added gases on the rates has been

measured. Vibration to rotation transfer proceeds by the accepted vibrational

relaxation rate. A significant fraction of V=1 population is transferred with

about 35% passing through the levels JIO-J14 of V=0.
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Final Summary Report

TABLE OF CONTENTS

Page

INTRODUCTION........................................1

COLLISIONAL HOLE FILLING..................................2

Discussion....................................2

Experimental.....................................2

Results for HF................................3

Effect of Added Gases.................................4

Comparison with Models............................5

Temperature Dependence of Rotational Relaxation .............. 6

S VIBRATION TO ROTATION POPULATION TRANSFER...................7

- Discussion....................................7

Experimertal.......................................8

Results........................................8

SU%1MARY........................................11

REFERENCES...........................................12

FIG URES



R85-956539-1

Rotational Relaxation of Hydrogen Fluoride

Final Summary Report

U
INTRODUCTION

This report summarizes the results of research under Contract No. F49620-83-
C-0098 to determine experimental rotational relaxation rates for hydrogen

fluoride over a range of temperature and for hydrogen fluoride in mixtures of
other gases. A further detailed description of the experiments and the data will
be provided in planned publications now under preparation.

A long standing need for rotational relaxation rates for HF chemical laser

technology has only partially been met by previous experimental and theoretical
efforts. Double laser resonance measurements have provided state-to-state
transfer rates that can be summed through kinetic models to give rotational
relaxation rates, but these results are highly model dependent (Ref. 1).
Extrapolation of these models to high rotational levels (J - 13) gave results
differing by orders of magnitude. There is almost no information about the
influence of other gases or of temperature on these rates.

The magnitude of relaxation rates for high levels can have a direct effect
on chemical laser operation; extremely slow rates would provide a mechanism for
storage of population in these high levels, especially if a significant amount of

population was transferred to these levels by a V-R mechanism. Relaxation of
high levels is also an important ingredient in assessing the role of V-R transfer

in the operation of the rotational lasing among high J levels observed by
Pimentel and coworkers and by Smith and Robinson (Reference 2).

To address these issues, two double resonance experiments were carried out

that are designed to give direct measurements of rotational relaxation rates and
the influence of added gases and temperature changes on these rates. The first
.)f these experiments measures the rate of collisional hole filling after one
rotational level in the ground state vibrational manifold is depleted of
population. The second measures vibration to rotation transfer rates for
transfer from V=l to V=O at high rotational levels and rates for the subsequent
rotational relaxation of these levels. These experiments along with the results
and comparison with kinetic models are separately described below.

*j
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COLLISIONAL HOLE FILLING

Discussion

The basic concept for pumping HF molecules out of one rotational level of

the ground state vibrational manifold using a single line pulsed laser and

monitoring with a CW probe laser the rate of collisional filling of the depleted

level is illustrated in Fig. 1. The hole filling process is kinetically a mirror

image of pumping molecules to a specific rotational level of an empty vibrational

manifold, such as V=, and watching th decay of this pumped population as it is

collisionally distributed to the other rotational levels. The original plan was

to pump the molecules to V=3, far enough away so they would not influence

transmission of the probe laser (running on V(0-1)) used to monitor the hole

filling, which should be 10 to 100 times fasLer than vibrational relaxation

bringing molecules into V=l. For this purpose, a pulsed dye laser was used as

the source to pump molecules from J=4, V=0 to V=3. Pumping other levels than

J=4, however, was unsuccessful because of limitations in laser tuning and resort

was made to pumping other J levels to V=l with a pulsed HF laser. The limita-

tions of this latter scheme will be discussed below.

Experimental

The experimental arrangement used was essentially the same as that used in

our previous double resonance kinetic experiments (Ref. 3). A schematic diagram

is shown in Fig. 2. Here, absorption of the single line pulsed laser radiation

in a cell containing HF gas creates an "instantaneous" hole in the ground state

rotational distribution. Collisional filling of this depleted level is monitored

with a cw HF probe laser beam passed collinearly with the pulsed beam through the
HF cell. Temporal changes in the increased cw HF laser transmission (gain) due

to relaxation of the disturbed distribution is measured using a AuGe (77°K)

detector in combination with a fast transient digitizer and a PDP-11 computer.

The overall rise time of this complete system is about 2 ns and the computer

provides for signal averaging of weak signals. Photoacoustic detection in high

pressure HF gas was used to assure that the dye laser was tuned to an HF

transition. Pressure in the double resonance cell was measured with a

capacitance manometer and the actual HF content was determined by line center

absorption of the cw HF laser.

*2



R85-956539-1

Results for HF

An excimer pumped dye laser which produces pulsed radiation at about 900 nm

was first used to pump molecules from an individual J level of V=0 to V=3. Using
the dye HITC the 0-3 R(4) line was achieved and with the 1P4 cw probe the gain

trace of Fig. 3 was obtained. Similar traces were obtained at other HF

pressures. No other lines could be made to lase with enough energy within a

sufficiently narrow linewidth to an experiment. Likewise, the experiments were

not successful with the dyes IR 140 and IR 125 which might pump 0-3P lines.

Further experiments were done using a pulsed HF pump laser running on the

same IP lines as the CW HF probe laser. In this case, population changes are
occurring at both the upper and lower levels of the probe laser; a hole is

created as population is pumped out of level J, V=0 while a spike of population

is formed in J-I of V=1. If both levels relax by the same collisional processes,

the rate obtained by observing changes in the probe laser transmission should be

identical to monitoring only the effect of hole filling. We have previously

shown (Ref. 4) that in laser pumped experiments, rotational lasing from the pump

level J of V=l to J-1 occurs at - 200 ns after the pump pulse. This rotational

lasing has the effect of distorting the population decay curve for the pumped

level for about 400 ns after which the decay curves are well behaved at HF

pressures below about 0.1 Torr. By electronically delaying probe laser signals

for 400 ns or more, most of this distortion should be avoidable. The rotational

lasing also has the effect of decreasing the population in the pumped level by at

least 50 percent. This decrease in the V=l, J population allows hole filling in

V=O to dominate the temporal changes in the probe laser signal. However, there

is some unavoidable mixing between J and J-1 relaxation.

In experiments using both IP pump and probe lines, the probe signals were

delayed 400 ns or more to avoid the complications of rotational lasing. Figure 4

shows a trace for pumping with IP4 and probing with 1P4. At long time there is a

very slow decay of signal as a result of vibrational relaxation of V= feeding

V=O.

The data were treated as simple exponential decays and produced straight

lines on log plots. The time T for I/e decay was determined for the lines IP2,

IP4, 1P6 and IP8 at various pressures and the rate I/T versus P is shown in Fig.

5. For the IP4 data, the solid circles are for dye laser pumping with 3R4. That

these data fit well with the data for 1P4 pumping (open circles) is some

justification for the argument that hole filling dominates the observed decay

cuirves. The slopes of the lines in Fig. 5 give the following rates for HF self

r 1axat ion.

3
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Line Rate 1/PT

1P2 51 x 106 sec - 1 torr -1

1P4 31 x 106

IP6 22 x 106

IP8 17 x 106

Effect of Added Gases

Rotational relaxation of HF by other gases was studied in mixtures with DF,

H2' CF , N2 , Ar and He. In all cases the data gave a single exponential decay

indicataing a lack of intermolecular rotational exchange, except in the case of

DF. Data for I/T versus pressure for a mixture 1/2 HF in DF are shown in Fig. 6

for IP6. The solid line is the HF self relaxation rate showing that DF is as an

efficient relaxing agent as HF. The following HF relaxation rates for the added

gases (M) were obtained from:

1,ing pump-probe lines IP6-1P6.

Collision Partner Rate (~

HF 22 x 106 sec - 1 torr - 1

DF 22 x 10 6

H2  1.4 x 106

CF 1.6 x 106

N2  vs
Ar vs

He vs

Rates for HF in N Ar and He in mixtures of 1/100 could not be distinguished

from pure HF within experimental uncertainty.

4
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Comparison with Models

A summary of relaxation rates for pure HF obtained from the hole burning

experiments along with data from V-R transfer (described below) are shown in Fig.
7. These data span the range from J=2 to J=13 and provide a good test of kinetic

models. The lines on Fig. 7 are from calculations for three models. Our

previously proposed rotation-rotation exchange model (R-R) is far off at both

ends of the scale. Both the Polanyi-Woodall rotation-translation exchange model

and the inverse power formulation provide very good fits to the data.

These models have the form

PW Rate K 
= K e-a(AE/kT)

IP Rate K 
= K 1

o AE] Y

and were fit with the parameters

PW Ko = 27 x 10 sec - torr a =

[P Ko = 1.5 x 1010 sec - I torr - I , y =

By comparison, our double resonance transfer rates for pumping J=3 and transfer

to J=4, 5, 6, 7, 8, 9, 10, 11, 12, 13 fit to the values

PW Ko 
= 40 x 106 sec torr, a = 0.9

[P Ko = 6.0 x 1010 sec - I tor -  ysec .rr , y = 1.3

01
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Temperature Dependence of Rotational Relaxation

The influence of temperature on rotational relaxation rates was determined

ising IP6 pump and probe lines in a hole filling experiment. Figure 8 shows a

diagram, approximately to scale, of a high temperature cell used. HF was

contained in a closed end sapphire cylinder that was machined from a single

piece. With the surrounding furnace the end of the tube could be heated to

1200°K with constant temperature over about 3 cm of length. The pump-probe

measurement is made with only the pump laser excited molecules where the laser

beams cross. Gas pressure was measured with a capacitance manometer attached to

the cell at the room temperature end and calibrated with laser absorption

neasurements with the cell at 22°C. Corrections were made for density changes

that occur as the cell temperature was varied.

Relaxation times at the I/e decay point were determined using 1P6 lines for

a series of gas pressures at each of the temperatures 298°K, 473°K, 733°K, 900°K

and 1000°K. From plots similar to Fig. 5, relaxation rates were obtained and

these data are presented in Fig. 9 with rate constants in units of cc/molec-sec

which conveniently account for gas density rather than pressure at the various

tempeartures.

The data show that the rate constant is not very sensitive to temperature

inlike the very strong function shown for HF vibration rates. We had previously

.observed a similar weak dependence on temperature of the cross sections for

pressure broadening for HF over a much smaller range of temperature (Ref. 5).

From the slope in Fig. 9, the activation energy was found as 91 cm-1 . Since the

rotational Pnergy spacings in the range J=4, 5, 6 is about 40 cm- 1, very little

translational is required to promote rotational relaxation.
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VIBRATION TO ROTATION POPULATION TRANSFER

Discussion

In this section we report results from double laser resonance studies of V-R

transfer rates and rates for subsequent rotational relaxation of high rotational

levels for pure HF and HF in mixtures with argon, nitrogen, carbon monoxide,

hydrogen and helium. This technique studies V-R tranfer by searching for the

arrival of population in high rotational levels of V=0 on relaxation of a V=l

population. In this method, which is illustrated in Fig. 10, population is

pmiped to V= in a gas sample by absorption of IP radiation from a pulsed HF

l'iser. A single line cw laser is used to probe arrival of population in discrete

rotational levels of V=O. The appear-nce of population is observed as a temporal

ahsorption of the cw radiation intensitv.

in t-arl i-r work "Ref. 1 we lscrihed experimental evidence for the V-R

m .- chan im in observations of populat ion arrival in rotational levels Jll-14 of

) during rl ixat ion of V= . in this work we found anomolously fast rates for

V-R which w,,re not in acQ ri with wl I acceptad vibrational relaxation rates from

Iorsconce or .lowio. re ,an., -tulips,. Fh.os fast rates should drive a major

traction of the V=I ppn ') at , , l ,,l4, whereas only small fractions were
found thoro. our r, ,nt wr r ,ws !tat rh- lattor part of these absorption

W nali wrn qh rrtn i Kv ,:',a : i. ' from ,oat released during the relaxa-

ion procosss with the r......... .t r.- fst ransfer. Thermal lensing is

,specilly effoctiv- n th.- .-..... rrrs .as the probe signals are weak and

strongly aftfetpd hy mill .'arii " s to the pr,)b, beam intensity. To enhance

probe sganals pump pises ! -- " hvhr -nrv ry than usual (5 mJ versus 0.1 mJ)
were used which ad ied to the >.ii prohm. The problem was worse when foreign

.isps such as argon wer, allI i i large qant it ies due to pressure broadening

W.,ading to incrased plso absorption. n n sorting out these effects we searched
for lasing between the high r itat i)nal 1evels of V=0 as a possible cause of the

iignal shrtening. No long wavolngth radiation from these levels was found.
i-ince the gain on these transitions is extremely high, the lack of lasing
indicates that the V-R transfer process does not form inversions among these

r ttional levels.

Recently, Haugen, et al. (Ref. 6) described double resonance studies of V-R

ind r)tational relaxation of high J levels in HF. The technique used is similar

t) the one in the present work, the most notable difference being that they used

t lnibl, F-center as the probe laser. Their results for pure HF are in good

lar..mone with the data from the present study.

7
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Experimental

The experiment has been described in previous reports (Ref. 3) and only a

low salient features will be treated here. Molecules were pumped from V=0 to V=1

by a single IP line pump laser with a pulse duration of 100 ns. To avoid thermal

i,,nsirg, IP6 was used in preference to our previously used IP4 because there is

,iich less absorption by HF of the IP6 line. Also, for the same purpose HF

pressure was restricted to the range of 0.1 to 1.0 torr, The cw chemical laser

irobe beam operated on single lines that were tuned over IPIO to IP14. Both pump
,jud probe beams were made exactly colinear to avoid any possible steering and

nile to have the same diameter by the use of irises so that they both illuminated

'h , same volume. The HF content in the experimental cell was determined line

ute-r absorption using the CW probe laser.

Absolute measurements were made of the amount of HF pumped to V= and the

im, nt found in the rotational levels of V=O. For pumping, measurements of pulse

-n-r4y entering (using a beamsplitter monitor) and leaving the cell provided for
-iltltations of the pumped population. The intensity of the probe laser was

.itermined by chopping the beam and this data was used with values from the

ibqorption signal due to the V-R transfer in an I/10 calculation, including

iif, sion, of the rotational population. The fraction of pumped population

r-presented by the absorption signal was compared with signals generated using
the rate values detemined experimentally and assuming all of the pumped popula-

tion transferred to the level being considered.

Results

A typical trace for pumping with the IP6 line (J=5) and probing at IP13 are

Z<1.,wn in Fig. It and on an expanded scale to show the signal rise time in Fig.

.2. These traces are an average of 10 signals. A simple analysis of these

<cnal using the kinetic equations for sequential chemical reactions yield rate
o~t ants for feding and loss from V=O, J which can be intrepreted as rates for

-R transfer and rotational relaxation of level J.

For the process

kv-R kR-R- T

HF(v=I) HF(v=oJ)

h -iie d1,pendent populatin in the probed level J is given by

IFij = Ae k- e-kl1_Jk2I]
d k2-k
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SUMMARY

Double laser resonance experiments in collisional hole filling and vibration

to rotation transfer in hydrogen fluoride have been used to determine kinetic
rate data for rotational relaxation and V-R transfer. The major results of the

work are the following.

* Rotational relaxation rates for HF for the rotational levels J2+J14 range

from 55 x 106 sec-ltorr -1 to 2 x 106 sec-ltorr - 1.

* The rate variation with J is reasonably described by the Polanyi-Woodall

or the inverse power kinetic model.

* Rotational relaxation of HF by DF is as effective as HF self relaxation.

The gases H2 and CF , which have rotational structure are less than 10%

as fast. Rare gases and nitrogen are ineffective relaxers.

* Temperature dependence of rotational relaxation is slight; the rate

increases by about 20% between 300°K and 1000°K.

* Vibration to rotation transfer proceeds by the accepted vibrational

relaxation rate. A significant fraction of V=1 population is transferred

with about 35% passing through the levels J10-14.

* Added gases He, Ar, N2 and CO have only a small effect on the V-R

transfer process.

p S
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The results for HF in mixtures with Ar, He, Ne, Co and H 2 are listed in

Table II.

TA-BLE [I

(rate constant units are sec -1 torr -1 )

1/100 Ar 1/100 N 2

Level Probed KV-R KRRT %NJ KV-R KRRT %Nj

J(14) 15xlO 4  6x10 6  0.8 30x104 6x10 6  0.5

J(13) 20xl0 4  8xlO 6  4.0 20x10 4  8x10 6  3.0

J(12) 30xl04 10x10 6  35xl0 7xlO 6

J(ll) 30x10 4  8x10 6

1/100 CO 1/100 He 1/1 H2

KV-R KRRT KV-R KRRT KV-R KRRT

J(13) 25xl04 8x10 6

J(12) 25xl04 8x1O 6  6x10 4  6xlO 6

In general the gases Ar, N 2, CO, and He have little affect on the rates. These --

gases in concentrations 100 timer the RF content increased the V-R rates by

factors of 3-5. There is no discerible effect on the rotational relaxation

rates. Both N 2 and CO diminish the probe absorption signals by lowering the

population in V=O by V-V intermolecular transfer. For hydrogen V-V transfer is

very efficient; this restricted the addition of H 2 to HF to a ratio of 1/1 in

order to have measurable signals. At the concentration no influence of H2 on the

ratess was apparent.

K

40
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Using this equation, computer simulated absorption curves were fit to the experi-

mental curves by varying values for k and k2. Calculated curves included in

Figs. It and 12 show a reasonably good fit to the experimental curves. A similar

analysis of their data was done by Haugen, et al. and as they point out, the

front part of the signal is dominated by the R-R-T rate while the decay of the

tail is controlled by the V-R transfer.

Absorption signals were recorded and analyzed by this method to obtain kVR

and kRRT for the levels J=10, 11, 12, 13 and 14. For each level probed,

measurements were made for 10 or more values of pressure in the range of 0.1 to

1.0 torr. For any series, a reasonable fit to the experimental curves could be

obtained using single values for kvR and kRRT.

The results for pure HF are shown in Table I where rate constants are

averages for the best fits.

TABLE I

Level Probed KVR KRRT % Nj/Nv=1

104 sec - I torr-l 106 sec-
Itor r- 1

J(14) 3 2 0.6

J(13) 6 2 3.7

J(12) 6 2.5 6.0

J(11) 6 3 10.5

J(10) 6 4 14.3

These data are in good agreement with the results of Haugen et. al. It is note-

worthy to find agreement with % Nj/Nv= l because they used very different

techniques to determine that percentage.

The value for KVR (J10-13) is within the range of accepted data for

vibrational relaxation (6). For J14, the smaller rate observed might be expected

because transfer from v=l, low J to J14 is exothermic. Values for rotational

relaxation of JIO-14 are plotted in Fig. 7. They are found to fit well with data

for lower J levels from hole filling experiments and both sets are reasonably

described by the PW or IP models.
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